Resonant Raman Spectroscopy of Armchair Carbon Nanotubes: 
Absence of "Metallic" Signature 
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The appearance of a broad peak at ~1550 cm~^ (G~ peak) in carbon nanotube resonant Raman 
scattering spectra has been conventionally attributed to the presence of metallic nanotubes. Here, 
we present resonant Raman measurements on macroscopic nanotube ensembles enriched in armchair 
species prepared through density gradient ultracentrifugation. Our data clearly demonstrate that 
the broad G~ mode is absent for armchair structures and appears only when the excitation laser is 
resonant with non-armchair "metals." Due to the large number (~10'^'') of nanotubes across several 
armchair species probed, our work firmly establishes a general correlation between G-band lineshape 
and nanotube structure. 

PACS numbers: 78.67.Ch, 63.22.-|-m, 73.22.-f, 78.67.-n 



Armchair carbon nanotubes have a distinguished sta- 
tus among all the members, or species, of the single- 
walled carbon nanotube (SWNT) family. Being the only 
truly gapless species in the family, they are expected 
to exhibit some of the unusual properties characteris- 
tic of one-dimensional (1-D) metals [l|. While strong 
electron-electron interactions can lead to the formation 
of Luttinger liquid states, strong electron-phonon inter- 
actions can renormalize phonon frequencies and lifetimes 
(Kohn anomalies) and induce Peierls lattice instabili- 
ties, especially in small-diameter nanotubes At the 
same time, as exceptionally conductive wires |6|, they are 
promising for electronic applications such as nanocircuit 
inter-connects and power transmission cables. 

Recently, much progress has been made 0, in un- 
derstanding electron-phonon interactions and their con- 
sequences in Raman scattering spectra in "metallic" 
SWNTs, in which the chiral indices (n,m) satisfy v = 
{n — m) mod 3 = 0, as opposed to semiconducting 
SWNTs, for which v = ±1. Note that, while armchair 
[n — m) nanotubes are metallic (gapless), non-armchair 
(or n 7^ m) v — tubes have small curvature-induced 
bandgaps, i.e., they are in fact narrow-gap semiconduc- 
tors JH, JJI. Of particular interest is the so-called G- 
band, a Raman-active optical phonon feature originating 
from the in-plane C-C stretching mode of sp^-hybridized 
carbon. In SWNTs, the G-band is split in two, the G''" 
and G~ peaks, due to the curvature-induced inequality of 
the two bond-displacement directions. For v = tubes, 
the higher- frequency mode (G+) is a narrow Lorentzian 
peak, while the lower- frequency mode (G~) is extremely 
broad. Earlier theoretical studies described this broad 
feature as a Breit-Wigner-Fano lineshape due to the cou- 
pling of phonons with an electronic continuum jl2l | or 
low- frequency plasmons [l3l |. but there is now accumu- 



lating consensus that the broad G^ peak is a softened 
and broadened longitudinal optical (LO) phonon feature, 
a hallmark of Kohn anomalies 0, 0-1^, Il#jl6j . Through 
either scenario, this broad G~ feature has conventionally 
been known to be a "metallic" feature, indicating the 
presence of metallic tubes. 

In this Letter, we present detailed wavelength- 
dependent Raman scattering measurements on a macro- 
scopic ensemble of SWNTs enriched in armchair (or n 
= m) nanotubes produced via density gradient ultracen- 
trifugation [17]. Our G-band spectra clearly show that 
the broad G~ mode is absent for armchair structures and 
only occurs for non-armchair (or n ^ m) "metallic" nan- 
otubes. Namely, the conventional method for identifying 
metallic nanotubes by observing a broad G~ peak does 
not apply to the only truly metallic species, i.e., armchair 
nanotubes. This supports an earlier conclusion based on 
a small number of single-tube measurements and 
negates some claims that armchair nanotubes also show 
a broad G~ feature [l^ E^- Furthermore, this result 
firmly establishes a general correlation between G-band 
lineshape and nanotube structure due to the sampling of 
a statistically significant number 10^°) of nanotubes. 

Density gradient ultracentrifugation (DGU), using our 
previously reported procedures, was employed to cre- 
ate armchair-enriched (AE-SWNT) and "metal" - 
enriched (ME-SWNT) [21|, aqueous surfactant suspen- 
sions of SWNTs, synthesized by the high pressure carbon 
monoxide method (HiPco) at Rice University. The ME- 
SWNT was a mixed ensemble containing both armchair 
and non-armchair (narrow-gap) 1^ = "metallic" tubes. 
All DGU samples were dialyzed into surfactant and water 
to remove the density gradient medium. The as-produced 
HiPco SWNT reference sample (AP-SWNT) was pro- 
duced using the standard ultracentrifugation technique 
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FIG. 1: (color online) Optical absorption of the three nan- 
otube suspensions studied: As-produced (AP-SWNT, blue), 
"metal" -enriched (ME-SWNT, green), and armchair-enriched 
(AE-SWNT, red). Traces are vertically offset for clarity. Note 
ME-SWNT and AE-SWNT show significant suppression of 
features due to i/ = ±1 SWNTs as compared to AP-SWNT, 
indicating the elimination of = ±1 species and hence v = 
enrichment by the DGU process. 



in 1% (wt./vol.) sodium deoxycholate (water) [22l l23l]. 

Resonant CW Raman spectroscopy was performed 
in a backscattering geometry with frequency-doubled 
Ti:Sapphire laser excitation (440-500 nm), Ar+ ion laser 
discrete lines (501.7 and 514.5 nm), and tunable dye laser 
excitation [with Rhodamine 6G (552-615 nm) and Kiton 
Red (610-680 nm)]. The laser power at the sample was 
maintained at 25 mW with a spot size of ~300 /im. In- 
dividual Stokes-shift spectra were obtained at 5 minute 
integrations using a CCD camera mounted on a triple 
monochromator. The non-resonant Raman spectrum of 
4-acetamidophenol, acquired at each excitation wave- 
length, was used for both frequency calibration and for 
correcting intensities for instrument response. All data 
were taken at room temperature and ambient pressure. 

Figure 1 shows optical absorption spectra of the three 
HiPco SWNT samples. The AP-SWNT sample (top, 
blue trace) displays all the typically observed features 
corresponding to the first (Efi, 850-1600 nm) and sec- 
ond {EI2, 570-850 nm) interband transitions of — ±1 
tubes and the first (E^) interband transitions oi ly ~ 
tubes. Based on absorption peak area estimates, this 
sample contains '--^40% 1^ = nanotubes [17[ , which agrees 
reasonably well with the expected value of 34% from 
the number of possible (n,m) species contained within 
the diameter range (0.6-1.4 nm) of this particular ma- 
terial. After DGU, however, a significant suppression of 
V ~ ±1 features (650-1350 nm) is observed in both the 
ME-SWNT (middle, green trace) and AE-SWNT (bot- 
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FIG. 2: (color online) Raman spectra of RBM and G-band 
for AP-SWNT, ME-SWNT, and AE-SWNT samples taken 
at (a) 552 nm and (b) 500 nm where SWNTs from Families 
{2n-\-m) = 24 and 21, respectively, are primarily probed. In 
both sub-figures, appearance of the broad G~ feature corre- 
sponds to resonance with non-armchair species such as (10,4) 
in ME-SWNT in (a) and (8,5) in AP-SWNT in (b). In the 
case of sole resonance with armchair species [(8,8) and (7,7)], 
a single and narrow G""" peak is observed. 



tom, red trace) samples with v = Q purity estimates 
around 90% and 98%, respectively While both DGU 
samples are strongly enriched in v — Q tubes, previous 
Raman studies based on radial breathing mode (RBM) 
intensities show that ME-SWNT samples are a hulk en- 
richment of all = species 2l| whereas AE-SWNT 
samples are chiral-angle-selective towards armchair [n = 
to) chiralities 17[ . This accounts for the sharper absorp- 
tion features observed in the AE-SWNT sample due to 
the sizable reduction of the number of overlapping peaks 
from the various u = Q species. 

Figure 2(a) shows resonant Raman spectra for both 
the RBM and G-band ranges for all SWNT samples, col- 
lected at 552 nm laser excitation. Comparing to existing 
experimental and theoretical Kataura plots in the litera- 
ture, this wavelength primarily resonates with members 
of the (2n-hTO) = 24 family [(8,8) and (10,4)] as well 
as some small-diameter v = 1 species [(9,2) and (6,5)]. 
Examining the RBM region first, it is clearly confirmed 
that indeed the ME-SWNT (green trace) and AE-SWNT 
(red trace) samples are enriched in = tubes while 
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the AP-SWNT sample (blue trace) contains a mixture of 
both V = 1 and v = Q species. Furthermore, the ME- 
SWNT sample contains most of the members of Fam- 
ily 24, whereas the AE-SWNT sample contains only the 

(8.8) armchair species and a very small amount of the 
non-armchair species (9,6). 

In the corresponding G-band region for the AP-SWNT 
(blue trace) in Fig. 2(a), we observe a G-band line- 
shape typical of resonance with v — 1 species such as 
(9,2) and (6,5), because the intensity of the G"*" peak for 
V = ±1 tubes is markedly stronger than that for = 
tubes [13, [2^. With the removal of the v = ±1 impuri- 
ties, the ME-SWNT sample displays a G-band lineshape 
typically ascribed in the literature to the presence of only 
metallic nanotubes with the notably broad G~ compo- 
nent [green trace in Fig. 2(a)]. However, the AE-SWNT 
sample, which is also free of = ±1 impurities, mani- 
fests a completely different G-band lineshape consisting 
of only a single and narrow G^ component [red trace in 
Fig. 2(a)]. Such a large difference in G-band lineshape 
between these two samples suggests a significant (n,m)- 
dependence of the G~ feature. In fact, when taken to- 
gether with the REM spectrum for the ME-SWNT sam- 
ple, a correlation between the appearance of small chiral- 
angle (or zigzag-like) v — Q species and that of the G~ 
peak is evident. Furthermore, this peak becomes absent 
at resonance with armchair tubes. 

Examining another v — Q family, (2n-|-m) = 21, we 
see a similar trend. In Fig. 2(b), we present resonant Ra- 
man spectra of the REM and G-band ranges for the AP- 
SWNT and AE-SWNT samples taken at 500 nm excita- 
tion. At this wavelength, both samples are spectrally iso- 
lated from any v — ±1 impurities, and, as such, only res- 
onance with the V = Q tubes occurs. AP-SWNT displays 
resonance with only two species, (8,5) and (7,7). Corre- 
spondingly, we observe the broad G~ feature and a nar- 
row G+ component. In contrast, AE-SWNT resonates 
singly with the armchair species (7,7) and again displays 
a single, narrow G+ peak as AE-SWNT in Fig. 2(a). 

To further examine the relationship between the ap- 
pearance of the broad G~ peak and (n,m) composition, 
we looked at Raman intensity of another isolated v — Q 
family, {2n+m) = 27, as a function of both Raman 
shift and excitation wavelength. Figure 3 shows a con- 
tour plot of Raman intensity of the AE-SWNT sample 
for the REM and G-band regions over excitation wave- 
lengths of 570-610 nm. In Fig. 3(a), we see only two 
REMs, from (9,9) and (10,7), again reflecting enrich- 
ment toward armchair-like species. The corresponding 
G-band [Fig. 3(b)] shows only a single G"*" peak centered 
at ^1590 cm^^ at the longest excitation wavelengths 
(^610 nm) coinciding primarily with resonance of the 

(9.9) REM. As the wavelength is decreased, a broad G~ 
peak appears in addition to the G''" peak. This broad 
G~ peak, centered at ~1550 cm~^, reaches a maximum 
in intensity at '^587 nm, which coincides with the REM 
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FIG. 3: (color online) Raman intensity for AE-SWNT taken 
as a function of Raman shift and excitation wavelength for 
Family {2n+m) = 27. (a) RBM region where two clear RBMs 
due to the (9,9) and (10,7) are observed, (b) Corresponding 
G-band region where only the G"*" peak is observed when res- 
onating primarily with the (9,9) and the appearance of the 
broad G~ coincides with the maximum of the (10,7) RBM. 
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FIG. 4; (color online) Selected resonant Raman spectra for 
AE-SWNT taken at 655 nm, 610 nm, 552 nm, and 500 nm, 
where resonance primarily occurs with armchairs (10,10), 
(9,9), (8,8), and (7,7), respectively. In each case, the G-band 
reflects contribution mainly from the G^ peak only. 

resonance maximum of the (10,7). The simultaneous ap- 
pearance of the G~ peak with the Raman resonance max- 
imum of the (10,7) and its absence with pure resonance 
with the (9,9) point out a clear correlation between (n,m) 
chirality and G-band lineshape. Namely, the broad G^ 
peak appears only in the presence of non-armchair v — 
nanotube species, and {n,n) armchair species consist of 
only one single, narrow peak. 

Finally, Fig. 0] shows selected Raman spectra of the 
(7,7), (8,8), (9,9), and (10,10) armchair families taken at 
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500, 552, 610, and 655 nm excitations, respectively, for 
the AE-SWNT sample. These wavelengths are close to 
the general resonance maxima for each respective fam- 
ily. Data taken across a diameter range of 0.96-1.38 nm 
shown here clearly demonstrates that the appearance and 
dominance of a single G"*" feature is a general result and 
indicator for the predominance of armchair species in a 
SWNT sample. The observation of the weak G~ peak at 
610 and 655 nm represents the non-negligible but small 
contribution of residual non-armchair v ~ impurities 
[(10,7) and (11,8)] and a qualitative measure of the larger 
Raman cross-section such species have as compared to 
armchair tubes [25l |. 

Based on the aforementioned results, we attribute the 
narrow component observed during resonance with 
all 1^ = 0, armchair and non-armchair species to the trans- 
verse optical (TO) phonon mode and the broad G~ com- 
ponent observed only with ly — 0, non-armchair species 
to the LO phonon mode arisin g fr om phonon softening 
due to Kohn anomaly 0, B-S llllill • The absence of 
the LO phonon feature for armchair tubes is consistent 
with some theoretical studies (e.g., 0, [1^), i.e., it is 
not Raman active in armchairs, while it is inconsistent 
with more recent theories [l3, [SS]- Furthermore, our 
results for G-band lineshape of armchair species agree 
with some single-tube Raman results [H, [3, [l^l while 
disagreeing with others The variability in single- 

tube Raman results comes from the sensitivity of G-band 
phonons to doping and charge transfer from intentional 
gating 14 , 1^ and environmental effects that can induce 
a localization of electron density in the nanotube tt elec- 
tron cloud As a result, generalizations of ob- 
served trends are difficult to establish at the single-tube 
level because only a few nanotubes are typically sampled 
in an experiment. In contrast, the results presented here 
come from macroscopic ensembles containing ^lO^'^ nan- 
otubes per chirality. Any tube-to-tube variations mea- 
sured are essentially removed due to this large statistical 
sampling, and the resulting recorded spectrum represents 
the average response for each chirality. In combination 
with the enrichment of armchairs and the resulting spec- 
tral isolation of each species, generalization of the ab- 
sence of a broad LO peak to all armchair nanotubes is 
appropriate and justifiable. Lastly, a refinement in the 
specificity of the use of the broad G~ peak as a "metallic" 
signature can be made where its appearance is indicative 
of resonance with non-armchair, 1^ = species. However, 
the appearance of an only single, narrow G'*" signifies 
pure resonance with spectrally isolated armchair species. 

In conclusion, using resonant Raman measurements of 
macroscopic ensembles of i/ = enriched SWNT samples, 
we have demonstrated that the appearance of a broad G~ 
peak is due to the presence of non-armchair "metallic" 
tubes. More importantly, the G-band of the truly gapless 
armchair tubes consists of a single, narrow G^ compo- 
nent and serves as a diagnostic for their identification. 



Because of the large statistical sampling presented here, 
these results are generalizable to all = nanotubes. 
Finally, this study demonstrates the ability of using spe- 
cialized, enriched samples such as these to extract mean- 
ingful and definitive information about single chiralities 
from a macroscopic scale, enabling future studies beyond 
the experimental limitations of the single-tube level. 
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